Background: asthma is one of the most common chronic childhood diseases. While folic acid supplementation around conception helps prevent neural tube defects, an animal model suggests that it may be a risk factor for respiratory diseases, although epidemiologic studies have had conflicting results. We investigated the timing of folic acidcontaining prescription filling during pregnancy and child asthma. Methods: in a retrospective cohort study of 104,428 children, born 1996-2005, and their mothers enrolled in tennessee Medicaid, we investigated the association of filling folic acid-containing prescriptions during pregnancy and childhood asthma at ages 4.5-6 years. We categorized women into exposure groups based on prescription filling centered around the first trimester: no folic acid prescription exposure, exposure in first trimester only, exposure after first trimester, and exposure in first trimester and beyond. We defined asthma using asthma-specific healthcare visits and medication fills. Using logistic regression models, we investigated the relationship adjusting for potential confounders. Results: Overall 15% of children had asthma. compared with children born to women with no folic acid prescription exposure, children born to women with exposures in the first trimester only or first
trimester and later had increased relative odds of asthma (adjusted odds ratios = 1.2, 95% confidence interval = 1.1, 1.3, and 1.2, 95% confidence interval = 1.2, 1.3); no association was seen in children born to women exposed after the first trimester. Conclusion: timing of folic acid-containing prescription filling during pregnancy was associated with childhood asthma. Our findings contribute to understanding of the role of prenatal nutritional supplements on child respiratory health.
(Epidemiology 2015; 26: 934-941) A sthma is a complex inflammatory disease of the airways associated with several risk factors including genetic predisposition and prenatal and early life exposures. 1,2 a prenatal dietary exposure of interest is maternal folic acid supplementation. adequate folate intake during the periconceptional period is important for the prevention of congenital anomalies, such as neural tube defects (ntDs). 3 However because of folate's vital role in several biological functions and findings from animal models that suggest high intake of methyl donors during pregnancy can influence an offspring's phenotype, 4 an ongoing and important area of research is whether prenatal folic acid supplementation is associated with increased risk of childhood respiratory and atopic diseases potentially through effects on the developing fetal immune system. 3, 5 Several epidemiologic studies have investigated the association of maternal folate status and asthma with inconsistent results. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Some studies have found an increased risk of early childhood wheeze or asthma with self-reported prenatal folic acid supplementation or measured folate levels, 8, 10 while others have found an inverse association with folate levels during late pregnancy, 13 or did not detect associations between self-reported folic acid supplementation during early pregnancy and child asthma. 9, 11, 13 Few studies have studied the association with higher folic acid intake, such as 1,000 mcg, and child asthma outcomes. in a previous investigation, we assessed the relationship between maternal folic acid supplementation and viral bronchiolitis in the first year of life. 12 an estimated 30%-40% of children with severe bronchiolitis during infancy subsequently develop asthma and epidemiologic and clinical investigations are addressing the question of whether severe viral infections during infancy may play a causal role in asthma development. [16] [17] [18] in this study, we investigated the association between the filling of folic acidcontaining prescriptions during pregnancy and child asthma at 4.5-6 years, a later respiratory phenotype, using a racially diverse, low-income retrospective cohort of 104,428 motherchild dyads, powered to detect clinically meaningful differences and examine multiple periods across pregnancy.
METHODS

Study Cohort and Population
to estimate the association of folic acid supplementation during pregnancy with early childhood asthma, we conducted a population-based retrospective cohort study of 104,428 mother-child dyads enrolled in tennessee Medicaid (tenncare). approximately 50% of infants born in tennessee are enrolled into tenncare. children born to mothers ages 15-44 years with a singleton pregnancy during 1996-2005 were eligible for inclusion to be followed up for ascertainment of asthma outcomes between ages 4.5 and 6 years. Study data were obtained from linked tenncare administrative data files and tennessee state vital records, and included information on participant demographics, insurance enrollment, filled pharmacy prescriptions, and healthcare encounters. 12, 16 the study population included mother-child dyads continuously enrolled in tenncare. 12, 16 For children, continuous enrollment included no more than 90 days of nonenrollment during the first year of life and no more than 60 days during 4.5-6 years. For women, continuous enrollment included no more than 60 days of nonenrollment 6 months before pregnancy through the date of delivery. 12 to study the association of maternal folic acid supplementation and asthma in children without preexisting heart or lung disease, we included children who were born at term (gestational ages ≥37 weeks), were nonlow birth weight (birth weight ≥ 2,500 g) and did not have an International Classification of Diseases, Ninth Revision (icD-9) diagnosis indicating congenital heart disease, chronic lung disease, or upper airway congenital anomaly. 12 consistent with previous study, we calculated the estimated gestational age using the last menstrual period (lMP) date (83%) or estimated it using a previously described algorithm based on the median gestational period for the infant's race, birth weight, and birth year when lMP date was not available on the birth certificate (17%). 16, 19 Sensitivity analyses including complete case analysis and multiple imputations demonstrated highly consistent results in previous study. 12 the study protocol approval and waiver of informed consent was obtained from the institutional review Board of Vanderbilt University and study approval from representatives of the Bureau of tenncare.
Ascertainment of Child Asthma and Atopic Disease Outcomes
the main outcome variable was early childhood asthma at ages 4.5-6 years. an 18-month ascertainment period was used to include children who may receive treatment infrequently or only for routine annual preventive care. 16 We ascertained outcomes after age 4 years in attempts to exclude children who may have wheezed only transiently in the first 3 years of life with viral infections. 20 asthma diagnosis during 4.5-6 years was defined using a previously validated algorithm that uses asthma-specific healthcare visits (icD-9 diagnosis) and asthma-specific medication fills, as previously described. 16, 21 We classified children as having a diagnosis of asthma at ages 4.5-6 years versus none.
Maternal Folic Acid Supplementation During Pregnancy
the main predictor variable was filling of folic acidcontaining prescriptions during pregnancy. We used prenatal vitamin prescriptions as a proxy measure for folic acid supplementation exposure, as prenatal vitamins constituted 99% of folic acid-containing prescriptions filled by women in the cohort during pregnancy. We obtained information on prenatal vitamins from the pharmacy files, including the filling date, days' supply, and the folic acid dose. For those vitamins with no folic acid dose information in the pharmacy files, we conducted medication database and internet searches using the national drug code, a unique 10-digit, three-segment numeric identifier assigned to each medication in the US, and were able to determine a specific dose for approximately 97% of prenatal vitamin prescriptions filled by women in the cohort. 12 Based on findings from work preparatory for research and the tenncare policy for medication filling, each vitamin prescription was assigned a maximum days' supply of 30 days. as folic acid supplementation during the periconceptional period helps prevent ntDs, 12, 22 we a priori characterized the women into four mutually exclusively categories using the filling date and days' supply of prenatal vitamin prescription, including no exposure (no prenatal vitamin prescription filled during pregnancy), folic acid prescription exposure in first trimester only (prescription fill that included at least 1 day in the first trimester, but none after the first trimester), exposure after first trimester (prescription fill that included at least 1 day after the first trimester only), and exposure in first trimester and beyond (prescription fill that included at least 1 day during and after the first trimester). 12
Covariates
We selected specific maternal and child characteristics to include as covariates in the multivariate models based on the existing literature and plausible associations with both childhood asthma and maternal folic acid supplementation during pregnancy. 12, 21 Maternal characteristics included race (white, black, or other), age at delivery (years), education (years), smoking during pregnancy (yes/no), marital status (single/married), year of pregnancy, history of asthma (yes/no), region of residence (urban, suburban, or rural based on standard metropolitan statistical areas), and adequacy of prenatal care. adequacy of prenatal care was determined using the adequacy of Prenatal care Utilization/Kotelchuck index and maternal asthma history was determined using a validated algorithm that includes asthma-specific healthcare visits and medication fills. 23, 24 child characteristics included gender (male/female), birth weight (g), estimated gestational age (weeks), and number of siblings (none, 1, or ≥2 based on number of prior live births). We ascertained bronchiolitis outcomes during infancy using ICD-9 diagnosis codes as previously described 12, 16, 25 because bronchiolitis is associated with both maternal folic acid-containing prescription filling group and childhood asthma. to present the total effect of maternal folic acid supplementation on asthma without attenuation by infant bronchiolitis, main results were not adjusted for bronchiolitis. However, we adjusted for bronchiolitis along with other covariates in subsequent analysis.
Statistical Analysis
Descriptive analyses were conducted and presented as frequencies and proportions for categorical variables and medians and interquartile ranges (iQr) for continuous variables. Bivariate analyses were conducted to assess the differences in maternal and child characteristics by prenatal vitamin prescription filling group using χ 2 contingency table statistics for categorical variables and Kruskal-Wallis test for continuous variables. We calculated the week that women filled their first prenatal vitamin prescription (time from their lMP) and reported the median (iQr) for each exposure group. the main exposure of interest was prenatal vitamin prescription filling group and the main outcome variable was child asthma diagnosis between ages 4.5 and 6 years. in our primary analysis, we conducted multivariable logistic regression to estimate the relative odds of early childhood asthma with prenatal vitamin prescription filling group, adjusting for child gender, estimated gestational age, birth weight, number of siblings, and maternal race, region of residence, year of pregnancy, marital status, age, education, asthma history, smoking, and adequacy of prenatal care. in subsequent analysis, we further assessed the relationship using multivariable logistic regression and the adjusted model also included bronchiolitis diagnosis during infancy. We tested a priorispecified interaction that included whether maternal asthma and infant gender as potential effect modifiers of the relationship between folic acid supplementation and early childhood asthma. in addition, as exploratory analyses, we tested the potential role of effect modification of maternal education, smoking during pregnancy, bronchiolitis diagnosis during infancy, and pre-and post-period of mandatory folic acid fortification programs (pre-1998 vs. post-1998 time periods) on the relationship between folic acid supplementation and early childhood asthma. each variable was included with maternal folic acid supplementation exposure as a cross-product in separate adjusted regression analysis. P value <0.05 was used for all statistical inferences. We managed data using SaS version 9.1 (SaS inc., cary, nc) and conducted statistical analyses using r version 3.0.1 statistical software.
RESULTS
table 1 presents the descriptive characteristics of the study cohort and the statistical differences in maternal and child characteristics by prenatal vitamin prescription filling group. a total of 104,428 mother-child dyads were included in the study. Overall, 44% of women were black, 46% had less than 12 years of education, 29% smoked during pregnancy, and 6% had a history of asthma. among children, approximately 49% were females, 35% had two or more siblings, and the median estimated gestational age and birth weight were 39 weeks (iQr: 39-40) and 3,260 g (iQr: 2,982-3,572), respectively. When studying characteristics by the four prenatal vitamin prescription groups, approximately 44% and 58% of unexposed women (i.e., those who did not fill a folic acid-containing prescription) or those exposed after the first trimester were black compared with 35% and 37% of women with folic acid prescription filling in the first trimester only or in the first trimester and beyond. approximately one-fourth of women exposed after the first trimester were married (22%) or smoked during pregnancy (25%) while approximately one-third of women in the other three groups were married or smoked during pregnancy. approximately three-fourths of women exposed in the first trimester only or in the first trimester and beyond received at least adequate prenatal care (73% and 72%, respectively) compared with approximately onehalf of women unexposed or exposed after the first trimester.
Seventeen percent of women in the cohort did not fill a prenatal vitamin prescription and were categorized as unexposed. Overall, 10% of women were exposed (filled a folic acid-containing prescription) in the first trimester only and 28% and 45% were exposed after the first trimester or in the first trimester and beyond, respectively. the median days of potential folic acid supplementation exposure was 30 (iQr: 30-30) for women exposed in the first trimester only, 40 (iQr: 30-84) for those exposed after the first trimester, and 90 (iQr: 60-150) for those exposed in the first trimester and beyond. approximately 84% of women in the cohort filled their first prenatal vitamin prescription after the 5th-6th week of pregnancy, and women exposed in the first trimester only or in the first trimester and beyond filled their first prescription at the median during the 6th (iQr: 5-7) and 8th (iQr: 6-10) week, respectively. Overall 99% of prenatal vitamin prescriptions filled contained 1,000 µg of folic acid.
Overall, 15% of children were classified as having asthma during 4.5-6 years of age. the proportion of children diagnosed with early childhood asthma differed by prenatal vitamin prescription exposure groups. approximately 13% of children born to women who did not fill a folic acid-containing prescription were diagnosed with asthma. asthma was diagnosed in 17% of children born to women who filled a prescription in the first trimester, in 13% of those born to women who filled a prescription after the first trimester, and in 17% of those born to women who filled prescriptions in the first trimester and beyond. 2 presents the unadjusted and adjusted estimates, all compared with children born to women who did not fill a folic acid prescription, of the association of maternal folic acid-containing prescription filling group with child asthma. children born to women who filled a folic acid prescription in the first trimester only group had increased relative odds of asthma (adjusted odds ratios [Or] = 1.2, 95% confidence interval [ci] = 1.1, 1.3) , and children born to those who filled prescriptions in the first trimester and beyond had adjusted Or for diagnosis of asthma of 1.2 (95% ci = 1.2, 1.3). When infant bronchiolitis was added to the model, we found that exposure during the first trimester only or in the first trimester and beyond were associated with increased relative odds of child asthma (first trimester only: adjusted Or = 1.2, 95% ci = 1.1, 1.2; first trimester and beyond: adjusted Or = 1.2, 95% ci = 1.2, 1.3]. Overall, 29% of children had mothers who smoked during pregnancy. We detected marginal interaction of maternal smoking during pregnancy and maternal folic acid supplementation on child asthma diagnoses (P = 0.05). However, when we compared the prespecified groups of prenatal vitamin prescription filling for association with childhood asthma in the two strata of maternal smoking status, there were no differences. We did not detect an interaction with maternal education, early diagnosis of bronchiolitis, or period of time of pregnancy related to folic acid fortification in the US (all P values >0.15). Overall, 17% and 13% of male and female children were classified as having asthma during 4.5-6 years age, respectively. in a separate model testing the interaction of child gender with maternal folic acid supplementation on childhood asthma, the P value for interaction was 0.09 and gender stratified analyses are presented in table 2.
DISCUSSION
in a retrospective cohort of 104,428 racially diverse low-income mother-child dyads, we found that children born to women who filled folic acid-containing prescriptions during the first trimester only and women with potential exposure from filled prescriptions in the first trimester and beyond had increased relative odds of asthma at ages 4.5-6 years compared with children born to women who did not fill a folic acid-containing prescription during pregnancy.
Overall, 15% of children in the study had an asthma diagnosis. the pulmonary and immune systems develop at discrete time periods of fetal development, and folic acid supplementation prevents ntDs when administered during the periconceptional period; thus, we a priori categorized prenatal filling of folic acid-containing prescriptions in relation to the first trimester into four exposure groups. 12 Previous study in Or adjusted for infant gender, estimated gestational age (weeks), birth weight, other living siblings, maternal race, region of residence, pregnancy year, marital status, age at delivery, level of education, smoking during pregnancy, asthma, and adequacy of prenatal care. a asthma-specific healthcare visits or medication use. b Prenatal vitamin prescriptions filled during and after the first trimester. ci indicates confidence interval. this cohort focused on bronchiolitis during infancy, a common viral lower respiratory infection with associated acute morbidity and an increased risk of asthma in later childhood, while the current effort was designed to focus on early childhood asthma, a chronic inflammatory disease of the lower airways and distinct from viral bronchiolitis. 26 We found approximately 20% higher relative odds of asthma in children born to women exposed in the first trimester only or the first trimester and beyond than children born to women with no folic acid prescription fills during pregnancy. although the effect sizes were modest, they were similar to point estimates found in some studies for other maternal factors, such as maternal smoking. 27 Similarly, in a smaller study with maternal folic acid supplementation during late pregnancy, Whitrow et al. 10 demonstrated a 26% and 17% increased relative risk of asthma in children at 3.5 and 5.5 years, respectively; however, adjusted estimates likely lacked sufficient power to conclude that asthma risk was elevated at 5.5 years age. Studies by Martinussen et al. 9 and Magdelijns et al. 13 revealed similarly powered increased relative odds (23% and 27%, respectively) of asthma at 6 to 7 years of age with folic acid supplementation during early pregnancy, while Bekkers et al. 11 and nwaru et al. 14 identified smaller associations. Other studies have investigated the association of maternal folate levels and child respiratory and atopic disease outcomes. in a nested case-control study, Haberg et al. 8 found a dose-response relationship between second trimester folate levels and asthma in children at age 3 years, with children born to mothers in the highest quintile having a 66% increased relative odds of asthma compared with children born to mothers in the lowest quintile. Magdelijns et al., 13 however, identified an inverse relationship between third trimester maternal red blood cell folate levels and asthma in children at 6-7 years. in addition, in a cohort of children at high risk for asthma, higher folate levels during early childhood was associated with allergic sensitization. 28 in our earlier study that included the outcome of bronchiolitis, there was marginal effect modification of maternal prenatal vitamin filling group on bronchiolitis by maternal asthma history; 12 however, the current study did not detect a similar interaction between maternal folic acid supplementation and maternal asthma history on childhood asthma outcome.
Due to folate's role in important biologic mechanisms, biologic plausibility due to potential effects on the fetal immune response, and findings from animal models, investigations have focused on whether maternal prenatal folic acid intake or folate levels are associated with the development of child respiratory and atopic diseases. the folate-derived tetrahydrofolate serves as a methyl donor in the synthesis of S-adenosylmethionine, the universal methyl donor, which is the key source of methyl groups for Dna methylation. 29 Dna methylation in conjunction with other epigenetic mechanisms influences t-helper cell development and regulation and may skew toward increased susceptibility to development of asthma and allergy diseases. 30 experiments by Hollingsworth et al. 4 conducted in a murine model demonstrated that a maternal diet high in methyl donors and cofactors, supplemented with folic acid, vitamin B12, choline, l-methionine, zinc, and betaine, during pregnancy was associated with lung tissue methylation changes in key regulatory genes and an enhanced allergic response in the offspring compared with offspring of mothers fed a low methyl donor diet. although not demonstrated in humans, it is plausible that maternal folic acid supplementation may be associated with risk of allergic airway disease in children. in an animal model, Sinclair et al. 31 found that experimentally decreased periconceptional methyl donor intake was associated with epigenetic changes and phenotypic differences in the offspring, including measures of immune functioning, insulin resistance, and cardiovascular effects, which were most pronounced in males. in our study, gender differences in the relationship between maternal prenatal vitamin supplementation and child asthma were not substantial, based on the Ors and 95% cis observed (table 2) , however these should be further delineated in future studies. in our study, 84% of women in the study cohort filled prenatal vitamin prescriptions after the 5th-6th week of pregnancy, the time period about which the anterior and posterior neuropores of the neural tube have closed, 32 which highlights the need for further studies around the timing of folic acid supplementation and early childhood asthma.
the study has limitations to consider. We captured folic acid in prescribed supplements and it is likely that women in the study cohort also consumed folic acid in fortified foods. 12 However, previous studies using low-income populations demonstrated that consumption of dietary folic acid would be unlikely to result in intake equivalent to the 1,000 µg of folic acid found in most prescriptions filled in the study. 33 in addition, Yang et al. 4 demonstrated that women who consumed folic acid supplements (>400 µg folic acid/day) had higher serum folate levels and intakes that were more likely to exceed the upper tolerable intake level. 34 it is also possible that women obtained folic acid supplements from over-the-counter or other sources that might have led to misclassification. in addition, women who filled prenatal vitamin prescriptions might not have taken them as prescribed. Prenatal vitamins contain other micronutrients that are under investigation for their potential influence on child respiratory health; however, most have been associated with potential protective effects. 35, 36 there were differences in the adequacy of prenatal care by maternal prenatal vitamin prescription filling groups, which may be related to maternal healthcare-seeking behavior and we included this factor in our adjusted models. 12 Our study population was assembled using Medicaid administrative data, thus there is the potential for differences in exposure and outcome among dyads continuously enrolled versus those who were not. However, in earlier work using tenncare claims by cooper et al., 37 it was found that approximately 10% of children had an enrollment gap and that there were no differences in asthma-related healthcare visits when comparing children with an enrollment gap to children without a gap (adjusted incidence rate ratios, 95% ci = 1.06, 95% ci = 0.70, 1.61 for hospitalizations and 1.08, 95% ci = 0.89, 1.32 for emergency department visits). 37 We defined child asthma using asthmaspecific healthcare visits and medication use, and it is possible that there were individuals with asthma who were not identified, although this would likely bias the results to the null. in addition, we determined asthma outcomes using a validated algorithm that represents an objective measurement of outcome and would serve to minimize information bias. 16, 21 as the study was hypothesized to estimate the relationship among children born at term, infants born preterm were not included in the cohort. it is possible that maternal folic acid supplementation is related to both gestational age and asthma, 38, 39 and this could have induced collider stratification that might have resulted in biased estimates of the association. 40 Future studies assessing the relationship should include infants born preterm and will give insight on the extent of potential collider stratification bias. this epidemiologic investigation may be influenced by unmeasured confounding. 41 Despite these limitations, animal models and epigenetic studies lend biologic plausibility to the hypothesis that prenatal folic acid intake influences development during a critical period with potential influence on subsequent asthma, associations were seen in this study even after adjusting for numerous important maternal and child demographic and health-related factors, and this study provides insight into the potential direction and effect size. 4, 8, 10, 27, 42 Using objective measures of asthma outcomes in children and folic acid-containing prescription filling during pregnancy, we found that maternal filling patterns of folic acid-containing prescription during the first trimester, and during and after the first trimester of pregnancy were associated with increased relative odds of early childhood asthma in a large retrospective cohort of 104,428 racially diverse low-income motherchild dyads. the study findings contribute to ongoing efforts in understanding the role and timing of prenatal nutritional supplements in the development of childhood respiratory diseases.
